In the last decades, data on the economy and environment of the Neolithic period of lake dwellings (4300-2400 b.c.) in central Europe has increased considerably and also palaeoecological data on lake level fluctuations has been thoroughly elaborated. Lake shores were mainly settled during warm and rather dry climate periods which caused a fall in the lake levels. Nevertheless, there were strong and partly very short-term shifts in the economy during the lake-dwelling period. These can be recognised only because the settlement layers can be very precisely dated by dendrochronology. In this article we discuss in an interdisciplinary way the possible interrelations between climatic and economic changes. To explain the latter, we assume crop failures as the main reason, which caused intensified hunting and gathering. There are three different possibilities which might explain this: cold and wet summers, severe droughts during spring and summer, or local over-exploitation of soils in densely settled areas.
Introduction
Weather and climate significantly change the availability of energy and resources in agrarian societies, so that their scopes are enlarged or restricted. For example, the primary effects of an unusually wet and cold climate are diminishing yields of cultivated plants, domestic animals being in a poorer state, and higher mortality of humans and domestic animals, as we know from historical sources (Messerli et al. 2000; Pfister 2001) .
For testing the possible influence of climate on early agricultural communities, it is necessary to have very dense and above all independent data about climatic variability and human activities. In many lakes in the surroundings of the Alps, the possibilities for the reconstruction of such interrelations during the Holocene are particularly favourable. Since the preservation of organic materials is very good in the waterlogged layers, much more information about the economy of prehistoric populations is available than from elsewhere (e.g. Jacomet et al. 2004) . Furthermore, during the last 30 years, lake-dwelling archaeology has produced abundant results on the environment and economy during the Neolithic period (compiled in Jacomet , 2006 Schibler and Chaix 1995; Schibler 2004a; Schibler in press; Arbogast 1997, Fig. 1) .
Widely different interpretations and conceptual models of the interrelations between humans and their environment have been published (e.g. Pétrequin 1997; Schibler et al. 1997a ). In addition, in the past ca. 20 years lake level fluctuations and their relation to the climate have been reconstructed in detail (Magny 2004) . It is also advantageous that in the area considered here (Switzerland, southern Germany, eastern France) the settlement phases are exactly dated by dendrochronology (Stöckli et al. 1995; Schibler et al. 1997a; Pétrequin 1997; Pétrequin et al. 2005, in press ). Therefore, it is possible to correlate natural phenomena with human activities very precisely.
It is necessary for our aims to know exactly which climate parameters influence agricultural activities and to quantify them. It has recently become more and more possible to calibrate biological and physical proxy data with the help of instrumental measurements and data from historical sources, from late medieval times onwards (see, for example, Pfister 1985 Pfister , 2001 Pfister et al. 1999; Luterbacher et al. 2001) . As a working hypothesis, such data can suggest possible mechanisms to explain the impacts of the climate on Neolithic farming societies. In this paper we summarise the results from a number of different disciplines and discuss the influence of climate and humans on economy and environment in the time span 4300-2400 b.c. Because the results and interpretations were produced in different countries (France, Germany and Switzerland) and on the basis of different scientific traditions, we use this opportunity to compare different interpretations and models. Many aspects of human life in the late Neolithic are still poorly understood, such as demography and social structures. These aspects are important because climate and society act together, and societies react differently and have different sensibilities to climatic impact. The effects of bad years and catastrophic events depend on the load capacity of the economy and society, the density and location of the settlements, and the carrying capacity of the social network (Pfister 2001) .
Material and methods

Changes in regional lake levels and climatic development
In addition to proxy data obtained from ice sheets and oceanic sediments, lake level studies have provided relevant data for palaeoclimatic reconstructions in the continental areas and especially in Europe (Gaillard 1985; Digerfeldt 1988; Magny 1992; Harrisson and Digerfeldt 1993; Harrisson et al. 1996; Digerfeldt et al. 2000) . Lake level data also supply information for modelling experiments and can be used to refine palaeoclimatic reconstructions based on pollen data (Guiot et al. 1993; Magny et al. 2001 Magny et al. , 2003 Magny et al. , 2005 ). In particular, lake level records give specific information on precipitation changes, in contrast to most climatic markers documenting often only temperature changes. Fluctuations of lake levels can result from various local non-climatic factors, but regionally synchronous fluctuations can be assumed to be climatically driven (Harrisson and Digerfeldt 1993) .
Over the last 20 years, systematic investigations on Holocene lake level changes have been carried out in the Jura mountains, the northern French pre-Alps, and the Swiss Plateau (Fig. 1) . Past lake level fluctuations have been reconstructed according to Magny (1992 Magny ( , 1998 on the basis of three parameters:
1. Modern analogues, by comparing the sediment record with the types of deposits accumulating today in the lakes in the Jura and subalpine area (different morphotypes of carbonate concretions, the frequency of which varies in relation with the water depth and the aquatic vegetation belts). 2. A combination of parameters such as texture (grain size) and lithology (peat, carbonate lake-marl, gyttja). 3. The geometry of the sediment layers, which can show erosion surfaces due to a lowering of the lake level and consequently of the sediment limit (Digerfeldt 1988) .
Finally, given the high sedimentation rate which characterizes the lake-shore areas, a contiguous high-resolution subsampling of sediment sequences made the identification of short-term events possible.
Lake level changes were dated by radiocarbon dating of peat, detritus peat and terrestrial macrofossils and by treerings in wooden posts of Neolithic dwellings. The lakes studied are small basins characterised by a common nivopluvial regime with a lake level minimum during summer and maxima during rainy seasons and snow melt (autumn and spring). They exhibit a great sensitivity to variations in water supply as shown by seasonal changes in water level, and can be considered to react quasi-instantaneously to meteorological and climatic events.
Environment and plant economy
In the past 30 years many off-site pollen diagrams have yielded abundant data on the environment during the late Neolithic (e.g. Ammann et al. 1981; Richoz and Haas 1995; Rösch 1990 Rösch , 1993 Liese-Kleiber 1993; Hadorn 1994; Beckmann 2004) . Some diagrams were very closely sampled and therefore allow the reconstruction of short-term changes. The dating is mainly based on AMS 14 C dates from macrofossils and on dendrochronology in settlement areas.
Furthermore, we have plenty of relatively detailed knowledge of the near surroundings of the Neolithic settlements from on-site (mainly macroremain) data (e.g. Brombacher and Jacomet 1997; Jacomet et al. 1989; Mermod 2000; Hosch and Jacomet 2004; Maier 2001; Lundström-Baudais 1986) . Several thousand samples have been investigated from more than 80 settlements ( Fig. 1; Jacomet , 2006 Jacomet and Brombacher 2005) . However, there are almost no interdisciplinary studies combining off-site and on-site data (see below).
Our knowledge of the plant economy is based on on-site studies (Fig. 1) . However, very few settlements are investigated in a representative way and the methods applied have been heterogeneous, so a standardised quantification is not possible (Jacomet and Brombacher 2005) . Two examples may exemplify this: uncarbonised cereal chaff is widespread in organic settlement layers, but it is largely destroyed when sieving is done in an inappropriate way (Hosch and Zibulski 2003) . The more stable hazelnut shells pose another problem. They are found in large amounts, but the shells are broken into pieces of very different sizes. Depending on the method of counting, very different densities arise. Larger-seeded fruits are underrepresented in the small samples of less than a litre, on which the larger part of our results is based (Jacomet and Brombacher 2005) .
Animal husbandry and hunting
Our knowledge for the period between 4300 and 2400 b.c. is based on more than 300,000 identified hand-collected animal bones from over 150 settlement phases ( Fig. 1 ; Hüster-Plogmann et al 1999; Schibler and Hüster Plogmann 1995; Schibler and Jacomet 1999; Schibler and Steppan 1999; Arbogast 1997) . The western part of the Pre-Alps (Alpenvorland) has provided archaeozoological results from 52 settlements, the eastern part 74 (Schibler, in press) , and the French Jura 25. We do not consider small animals like fish or amphibians, because they were studied in only few settlements. Exceptions are Chalain 3 (Pétrequin 1997) and Arbon Bleiche 3 (Hüster-Plogmann 2004) .
Most settlements with archaeozoological results are dated by dendrochronology or AMS 14 C dates with a precision of a few years to at most a few decades. Settlements dated with a <50 years precision were excluded. To evaluate the importance of hunting and husbandry we used primarily the proportions (percentages) of fragment numbers of identifiable bones, since only this type of quantification is available for all sites (Schibler, in press ). However, it does not show whether changes in the relationship between wild and domestic animals are due to intensification of hunting or of husbandry, collapse of husbandry, or a combination of both. To overcome this problem, we used "find densities" of the two categories of bones, which is the number of bones per square metre and settlement phase in 10 year phases for each village with sufficient data (Schibler et al. 1997a; Schibler 1997a,b; Arbogast et al. 1995; Pétrequin et al. 1998) . This is only the case in the Zürich region and for most of the layers of the French Jura lakes like Chalain and Clairvaux (Fig. 1) . Because preservation conditions are not comparable between regions, relative changes are judged rather than densities.
We use Logarithmic Size Indices (LSI) (Uerpmann 1979 (Uerpmann , 1990 Payne and Bull 1988; Meadow 1999) for the comparison of the biometrical data, which allows us to compare relative sizes or proportions of red deer and cattle in time slices of at most one century. For the Swiss Pre-Alps we can only use data from the eastern part, because the osteological measurements of other larger datasets are not yet published or are not subdivided into shorter time slices or layers.
Historical data
A large amount of historical weather data for central Europe has recently been collected by C. Pfister (Bern University) and several other historians (Pfister 1985) . It is therefore very possible to estimate the scale of the climatic fluctuations of the past ca. 500 years and their influences on the yields of cultivated plants (see, for example Pfister 1985 Pfister , 2001 Pfister et al. 1999; Luterbacher et al. 2001) . The great advantage of this data is that biological and physical proxy data (like the changes in the lake levels mentioned above) can be calibrated with the help of historical source data (Pfister 2001) . The last 500 years are characterised by a very strong negative climate anomaly, the so-called "Little Ice Age" (see, for example, Luterbacher et al. 2001 ). It is therefore mostly possible to quantify the effects of unusually cold and wet summer periods on the crop yields. However, there is also some data about unusually dry periods (such as the summer of 1540; Gläser et al. 1999) .
Results
Lake levels and climate history based on proxy data Regional lake level fluctuations in the period 4500-2000 b.c. in 13 lakes have already been published (Magny 2004) . Fig. 2 presents lake level records from Morat and Constance (Bodensee) on the Swiss Plateau and Clairvaux and Chalain in the French Jura mountains (Magny 1992; Haas and Magny 2004; Magny and Haas 2004; Magny in press; Magny et al. 2005 Magny et al. , 2006 . These lake level records document in more detail distinct time windows. The regional lake level fluctuations show higher water tables at ca 4400-4150, 4000-3950, 3700-3250, 2900-2850, 2600-2450 and 2200-2000 b.c . The phase 3700-3250 b.c. is composed of three successive events centred on ca 3600, 3500 and 3350 b.c. . Moreover, the records from Lac de Chalain highlight a minor phase of higher lake level at ca 2600-2400 b.c. Fig. 2 shows possible correlations between midEuropean lake level fluctuations and variations (1) in timberline at Rotmoos in the Austrian Alps (Bortenschlager 1970) and (2) the atmospheric 14 C content based on treering data (Stuiver et al. 1998) . Rotmoos is an Alpine mire at 2300 m a.s.l. where Bortenschlager (1970) defined the midHolocene cooling events Rotmoos 1 and 2 on the basis of an altitudinal decline of the timberline (maximum of NAP). The matching of the Rotmoos record with the 14 C record was constrained by calibrated radiocarbon ages (within 1 sigma range and using IntCal 4.3; Stuiver et al. 1998) obtained by Bortenschlager (1970) . The 14 C record may be considered as a proxy for past changes in solar activity. Similarities between the 14 C and 10 Be records suggest that variations in these isotopes are primarily driven by changes in production and reflect strong influences of variations in solar activity (Muscheler et al. 2000; Beer 2000; Renssen et al. 2000) .
Possible correlations between mid-European lake levels, Alpine timberlines and atmospheric 14 C records as illustrated by Fig. 2 suggest a marked mid-Holocene climatic and environmental variability in response to changes in solar activity (Magny 2004) , which is in agreement with other palaeoclimatic and palaeoenvironmental studies (Bond et al. 2001; Blaauw et al. 2004; Chambers et al. 1999) . Moreover, the period 3700-3200 b.c., taken as a whole, appears to have been a long-lived climatic reversal. This major mid-Holocene climatic event marks the Hypsithermal-Neoglaciation transition (Steig 1999 ) and coincided with a major lowering of the tree-line in the Swiss Alps (Tinner and Theurillat 2003) . Possible correlative events have been observed in both hemispheres Mayewski et al. 2004) .
As an example in the perspective of the following discussion, Fig. 3 presents pollen and lake level based estimates of climatic variables reconstructed at Montilier (Lac de Morat; see Fig. 1 ) for 4600-3500 b.c., using the best analogue method (Guiot et al. 1993) . In general, the phases of lower lake levels coincide with increased mean temperature of the warmest month (MTWA), growing days above 5
• C (GDD5) and decreased annual precipitation (PANN). The phases of higher lake levels correspond to the opposite processes. The changes reached a magnitude of 2
• C for MTWA, 1.5
• C for mean annual temperature (TANN) and 100/150 mm for annual precipitation (PANN). However, no clear centennial oscillation can be recognised in mean temperature of the coldest month (MTCO). This suggests a greater contribution of the summer than the winter to mid-Holocene climatic variations, which agrees with observations and experiments by Bortenschlager (1977) , who concluded that a tree-limit lowering was caused not by severe winters but chiefly by a lowering of mean temperature during the growing season, and consequently its shortening. This is in agreement with the GDD5 estimates reconstructed at Montilier. MTWA fluctuations with a 2
• C amplitude at Montilier are also consistent with reconstructions by Patzelt (1977) and Zoller (1977) in the Austrian (Bortenschlager 1970) , and (3) the mid-European lake level record established from 13 lakes in the Jura mountains, the northern French Pre-Alps and the Swiss Plateau (from Magny 2004), and details of lake level records from Lac de Morat , Lake Constance (Bodensee) , Chalain (Magny in press) and Clairvaux (Magny 1992 (Magny , 1993a . Grey bands mark regional phases of higher lake levels as defined in Magny (2004) . Calibrated ages (1 σ time window) were calculated using IntCal 4.3 (Stuiver et al. 1998) and Swiss Alps from changes in tree-limit (1.5
• C). Assuming that the oxygen isotope variations reflect changes in TANN with a slope of 0.58 ± 1‰/
• C (von Grafenstein et al. 1998), the Ammersee record in south Germany suggests mid-Holocene variations in TANN reaching 1.5/1.7
• C, close to the values obtained at Montilier (1.5
• C). However, in the Swiss Alps at ca. 6000 cal b.p., chironomid-based estimates suggest a decrease in summer temperature of less than 1
• C for a cooling event synchronous with a tree-limit decline (Heiri et al. 2003 (Heiri et al. , 2004 . Further investigations using distinct proxies are necessary to document more extensively and in more detail the second half of the Holocene period and to provide a more precise picture of temperature and precipitation changes in western central Europe. Multi proxy approaches (Haas et al. 1998 ) and high resolution tree-ring studies (Schmidt and Gruhle 2003) could offer relevant proxies in this perspective.
To sum up, the time window considered for this study was characterised by a marked climatic instability. The magnitude of temperature changes could have reached 1-2
• C for MTWA and 1.5
• C for TANN. The growing season seems to have been more affected than the winter season.
Evaluation of historical sources and calibration of proxies
The well-documented "Little Ice Age" (LIA), especially the Late Maunder Minimum (LMM, a.d. 1645-1715) which is the coldest phase of the LIA (e.g. Luterbacher et al. 2001) , offers the opportunity to observe the variability of the climate during a late Holocene cooling phase. This period coincides with an enhanced concentration in atmospheric 14 C, several large volcanic eruptions, reduced solar activity, and a low number of sun spots (Luterbacher et al. 2001) . During the LMM (1645-1715) there was a decrease in the northern hemisphere (NH) April-September temperatures in the order of 0.3-0.6
• C compared to the reference period of . The LMM is one of the few cold periods in recent centuries that persisted for decades. A broad spectrum of high-resolution multi-proxy and instrumental data is available for this period (Luterbacher et al. 2001) .
The springs in central and eastern Europe during the LMM from 1687-1717 were the coldest in the last 500 years, with a partial decrease of 2
• C in mean temperature compared to the reference period of 1901-1960. The NH summers from 1691-1700 were the coldest of the last millennium. In Switzerland, from 1695-1705, no single summer was warm and dry. The worst summer was 1692, which led to famine in many parts of France, Switzerland and Germany. In Scotland, for example, the harvests [mostly Avena sativa (oats)] failed in seven out of eight years between 1693 and 1700, causing mass emigration. These LMM long-lasting climatic anomalies must have had their origins in a marked change of the atmospheric circulation (Luterbacher et al. 2001) . They show strong similarities to the variations in climatic parameters Fig. 3 Quantitative reconstruction of climatic variables from the sediment sequence of Montilier, Lac de Morat (Swiss Plateau) using pollen and lake-level data (from Magny et al. 2005) . MTWA, mean temperature of the warmest month; MTCO, mean temperature of the coldest month; TANN, mean annual temperature; GDD5, growing degrees above 5
• C x days; PANN, annual precipitation as reconstructed from pollen and lake level data for the Neolithic period (Magny et al. 2005, Fig. 3).
It is also possible to quantify the effects of unusually cold and wet summers on the yields. These led, for example, to a harvest which was around 3-4 weeks later than usual (Pfister 2001) . The descriptions of two very cold and wet years (1573 and 1587) may serve as examples (Gläser et al. 1999) . In both years, the winter was very long lasting, large lakes were also frozen and even many game animals in the forests died. The cold continued during the whole springtime. Cold and rainy weather continued for the whole summer in 1573, causing the grain and grape harvests to totally fail. In Switzerland, from early September to early October 1573 it rained almost continuously, and many rivers overflowed their banks.
The heat and drought in 1540 may serve as an example of a contrast scenario (Gläser et al. 1999 and C. Pfister, personal communication) . This year was the driest and warmest such period known from the documentary data of central Europe. In Switzerland, rain fell only three to four times from April to June. At the end of May the grass on the Swiss Plateau dried out completely. In July, no rain fell in the lowlands. Cattle died from starvation, grapes dropped off the vines, fruit and leaves fell from the trees and many forests caught fire. Many small rivers dried out completely, and even the level of the Rhine was so low that it could be walked across at several locations, while many fish died.
As shown from these sources, the palette of weather combinations which were responsible for lower crop yields and ill health in domestic animals can be many. On the one hand, wet September and October, early onset of winter, cold March and April and a very wet midsummer are responsible for problems in agricultural production (Pfister 2001) . In addition, the low-grade cereals were more likely to go mouldy. On the other hand, severe droughts could also have had a negative impact on husbandry, however, not so much on winter cereals. Finally, "bad weather" also seriously affected humans, because epidemics could cause higher mortality (Pfister 2001) . Malnourished people were more likely to become victims of infectious diseases.
Settlement history
As shown in Fig. 4 , the settlement history of the circumAlpine lakes during the Neolithic (4300-2400 b.c.) is on the one hand characterised by periods with a dense settlement of the lake shores and other wet places. On the other hand, there are phases with only a few sites or even a lack of settlements. Based on the research carried out up to now it becomes obvious that the settlement phases of most of the lakes are to a greater extent contemporary (Fig. 4) . Furthermore, the time slices characterised by peaks in the frequency of lake-dwellings generally coincide with low lake levels and weak concentrations of atmospheric 14 C ( Figs. 2 and 4 ; Magny 1993c Magny , 2004 Pétrequin et al. 2005; Gross-Klee and Maise 1997) . In contrast, periods with higher lake levels correspond in most cases to abandonment periods and to periods with a wet climate. People left the zones of the lake shores where remains could be preserved. There are however several examples where a settlement lasted for a few years at the beginning of such wet periods, as in the case of Arbon Bleiche 3 . Other examples we know from the period 3700-3600 b.c. where several settlements continued although a cold, but initially obviously dry phase had begun, for example Zürich Mozartstrasse, layer 4, 3660 to 3600 b.c. (Schibler and Steppan 1999) . More generally, Fig. 4 shows a relative persistence of lake-dwellings until 3600 b.c. This suggests progressive changes in climate conditions and/or possible capacities of past societies to adapt their architectural techniques to a changing environment. and in the German terminology "Jungneolithikum". Late Neolithic 3 is, in the French terminology, "Néolithique récent et final" and in the German terminology "Spät-und Endneolithikum" (Jacomet in press). Phases of lower lake levels and prehistoric lake-dwellings are marked with dotted lines
The observed fluctuations of settlement density are the reason why our knowledge of the economy is discontinuous. It is based on remains from the occupation phases. But there are phases when almost no settlements existed on the lake shores or when they were eroded (Fig. 4) . Partly, people must have moved away from the lake shores, but our knowledge of settlement activities in the hinterland zones is very patchy (almost no excavations, few prospecting activities). Therefore, the two main periods of unfavourable (mostly wet; see above) climate, between ca. 3550 and 3250 b.c. and around 2900 b.c. correspond to periods from which our knowledge is very fragmentary. We know very little about the metrical traits of the animals, the economy and the social system during such periods, data which are normally used to reconstruct adaptations to unfavourable climatic conditions.
Environment and plant economy
In the area concerned here (Fig. 1) , the environment in Neolithic times was dominated by a wooded landscape. With the onset of lakeshore settlement around 4300 b.c. the Quercetum Mixtum (QM) (mixed oak woodland) did not play a dominant role any more. Fagus (beech) was very important, in large parts of the area accompanied by Abies alba (fir). Other trees such as Quercus (oak) or Fraxinus (ash) and others remained only locally important (for the western Swiss Plateau, see Ammann 1989; Richoz and Haas 1995 ; for the Lake Constance (Bodensee) region, see cited publications of M. Rösch). Evidence of human impact in off-site pollen cores is astonishingly very weak (see Richoz and Haas 1995; Rösch 1992) . This suggests that the hinterland was totally (or at least to a high degree) forested.
However, according to pollen results in the Lake Constance region, people and their domestic animals (mainly cattle, but also small ruminants) in the late Neolithic transformed larger parts of the woodlands into a landscape dominated by coppiced woods and bushes, partly with the help of fire (Rösch 1997 (Rösch , 2000 . This fits very well with written sources about native North American Indians in the eastern woodlands in the 18th century (Hammett 1997) . These groups maintained with the help of various "management practices" a sort of park landscape which served as an "orchard", a place for hunting and a wood reservoir. However, we do not have very exact ideas about the extent of this strongly influenced Neolithic landscape. For this, it would be necessary to make a model based on the calorie requirement of the population, including the feeding of the domestic animals (e.g. Flannery 1986 ). In the lakedwelling area this was performed only sporadically (as for one settlement in the Zürich area by Gross et al. 1990 ).
The very near surroundings of the settlements were obviously much more strongly influenced (Jacomet et al. 2004, synthesis) . Here people cultivated fields and at least parts of the animal herd also browsed around there. This territory was most probably within a radius of 1 km around the settlements.
The plant economy of the late Neolithic lake-dwellings was rather heavily based on domesticates (Jacomet , 2006 Jacomet and Brombacher 2005) . Among the cereals, Triticum durum/turgidum (tetraploid naked wheat), T. dicoccum (emmer), T. monococcum (einkorn) locally (mainly in western Switzerland) and finally Hordeum vulgare (six-rowed barley) were most important. Their remains, including whole ears (e.g. Maier 1996) , appear in large amounts in the settlements. There are some shifts in the importance of mainly the wheat species in the region concerned (see Jacomet 2006, in press ). In the second half of the 4th millennium b.c. the prevailing tetraploid naked wheat was gradually replaced by emmer. There are also other, more short-term shifts in the proportions of the various cereals. However, an interpretation of such facts is not possible because of methodological inconsistencies and because the varieties grown are not known, or are at least not directly comparable with modern varieties. If the shifts in crops being grown were due to climatic factors, soil overexploitation or to cultural change, as with the onset of the Horgen culture in the middle of the 4th millennium b.c. with strong easterly influences, is not clear at all.
As far as ears are found, one can conclude that the varieties used were very fruitful, and they seem to have been very well grown. A recent study of weeds with the help of the FIBS method (Functional Interpretation of Botanical Surveys) suggests that during Neolithic times most of the cereals were sown as winter crops and planted on small-scale, garden-like plots which were intensely cultivated (Bogaard 2004) . FIBS is based on the observation of plant ecologists that species sharing the same habitat also tend to share ecological and morphological characteristics and thus belong to a distinct "functional type". The method links characteristics of the species rather than species per se with particular traditional crop husbandry practices.
Other important cultivated plants were Linum usitatissimum (flax, linseed) and Papaver somniferum (opium poppy) which also show shifts in their importance. There was also some growing of Pisum sativum (pea). All three were supposedly sown as summer crops.
Based on the usual findings-among the cereals chaff remains and single grains or cereal bran-it is highly hypothetical to quantify the remains (Jacomet and Brombacher 2005) . Nevertheless, attempts to reconstruct the ratio of the cultivated plants (Jacomet and Schibler 1985; Hosch and Jacomet 2004) pointed to the very great importance of the cereals, followed by linseed. Therefore, we have to suppose that a worsening climate, in the case of cereals mainly wet and cold conditions, could seriously affect the supply of cultivated staple foods.
Beside cereals, gathered plants played an important role in food supplies. The most important calorie rich and storable foods are Corylus (hazelnuts), Quercus (acorns), Fagus (beech-nuts) and Malus (crab-apple). In addition, many berries were collected, but it is not known if they were only eaten fresh or also stored. Most of the small heaps of remains of these found in the layers are interpreted as excrement, see for example Maier (2001) . There were most probably other plants or plant parts which were collected and eaten, like roots, tubers, stalks, mushrooms etc., but are only very rarely traced in the they are not (or only very rarely) traceable in the archaeobotanical record.
Attempts to reconstruct the ratio of the domesticated versus the gathered plants (Jacomet and Schibler 1985; Gross et al. 1990; Hosch and Jacomet 2004) point to the fact that the domesticated plants played a more important role in the food supply. However, a considerable part of the calories from plant foods, at least 1/3, must have been gained by collecting. But archaeobotany can yield only very few good examples of a greater importance of gathered plants or a lesser importance of cereals. Perhaps the best example of a greater importance of gathered plants, especially the fatrich hazelnuts, comes from the site of Hornstaad-Hörnle IA (Maier 2001) . This settlement burned down some years after it was built (3917 b.c.), and this took place very soon after the harvest. The whole burnt layer was full of still unthreshed cereal ears. The settlement was rebuilt after this catastrophic event and in the layer directly above, a stratum very rich in hazelnut shells was observed. This shows that people tried to compensate for the burning of the harvest with an increased effort in collecting hazelnuts. However, this probably had nothing to do with climate. But one could conclude that people would do the same when the cereal yields were reduced by climatic impact. Some indications for such a situation, although very hypothetical, we found at the site of Zürich Mozartstrasse, layer 4 (Schibler et al. 1997a (Schibler et al. , 1997b .
Animal husbandry and hunting
Variability in meat consumption
The economically most important domestic animals during the Neolithic in the circum-Alpine area were cattle, sheep, goat and pig. The most important hunted animal in all regions considered here was Cervus elaphus (red deer) (Schibler and Chaix 1995) .
For the Pre-Alps and the French Jura lakes region, different phases of occupation showing a high importance of game can be recognized (Figs. 5 and 6 ). Especially high proportions of wild animal bones (between 40 and 80% of the bone fragments) can be recognized in the settlements at 4200-4050, 4000-3800, 3700-3600, 3400-3300, 3150-3000 and 2900-2700 b.c. in most regions of the Swiss Pre-Alps, and between 3100 and 2950 b.c. in the villages of the French Jura lakes region.
For many layers (before 3600 b.c.) where find "densities" could be evaluated, we can observe that high percentages of wild animal bones correspond with higher find "densities" of these (Fig. 5) . On the other hand, during these periods of higher percentages and higher find "densities" of wild animals, we see only minor fluctuations of the find "densities" of domestic animals.
This gives the impression of an animal husbandry which was more or less stable and where hunting was the only part of the meat procurement which was flexible. Therefore, during phases of higher find "densities" of wild animal bones (mostly red deer bones) more meat was being procured and consumed.
Variability of the biometrical results
If we look at the box plots of the LSI (Logarithmic Size Indices) values grouped in time slices of one century for the red deer bones of the settlements of the eastern part of the Swiss Pre-Alps, we recognize a broad fluctuation (Fig. 7a) . Especially small values can be recognized around 3800, 3700 and 2800 b.c. A fluctuation of the LSI values was also observed in the French Jura lake settlements (Fig. 7b) : at first sight the differences here seem to be regional; the values for Lac de Chalain are in general lower than those (Arbogast unpubl.) . In grey, phases with unfavourable climate conditions (after Fig. 2) . The LSI values are based on the aurochs reference skeleton from the Danish settlement of Ullerslev (Steppan 2001) . For further explanations, see text and legend of Fig. 7 of Lac de Clairvaux (Fig. 7b) . However, within one region (especially Lac de Clairvaux) a chronological fluctuation of the LSI values can also be recognized: they become smaller from 2600 b.c. onwards.
Concerning cattle bones, the highest mean LSI values for the eastern part of the Swiss Pre-Alps can be seen in the period 2800-2500 b.c. This includes all settlements of the Corded Ware (Schnurkeramik) culture at the end of the Neolithic lake dwelling sequence (Fig. 8a) . In contrast, the smallest mean LSI values come from settlements of the Horgen culture around 3200 b.c. (Fig. 8a) . During the beginning of the Horgen culture around 3400 b.c., at the settlement Arbon Bleiche 3 the cattle bones show a clearly higher mean LSI value. In the region of the French Jura lakes the cattle bones from the youngest phase of Lac de Chalain are clearly smaller than the bones from the oldest phase of Lac de Clairvaux (Fig. 8b) . Both phases are dated to ca 3000 b.c.
Discussion
In the following discussion we will try to interrelate the results from sedimentology, historical sources and archaeobiology and to develop hypotheses about the possible causes of economic shifts during the time span 4300-2400 b.c. As shown in the results, part of the climatic deterioration concerns phases of wet and cold conditions during the spring and summer months. If we compare such phases with economically based data such as the importance of hunting we can observe some parallels, at least in the eastern part of the Swiss Pre-Alps. Here, a correlation between the great importance of bones from hunted animals and climatic deterioration phases can mostly be recognized (Figs. 2, 3 and 5) . We interpret the great importance of hunting during phases of wet and cold climate as a reaction by the lakeshore dwelling farmers to climatically caused crop failures. The latter cannot be directly proven because quantification of on-site archaeobotanical data is not really possible. Also, the very weak signs of human impact in off-site pollen diagrams do not reflect such changes in an interpretable way. However, crop failures seem to be very probable, considering our knowledge of the historical sources. People obviously tried to compensate for lost calories by an intensification of hunting and surely also by collecting more wild plants and fruits (Schibler et al. 1997a, b; Hüster-Plogmann et al. 1999) . Such scenarios are also known from indigenous populations in the North American woodlands (for citations, see the section on results). All in all, some of the shifts in animal bone proportions and "densities" point to a correlation between cold and wet climate phases and economic problems.
However, there is one period during the 32nd and 31st century b.c. which shows high percentages of up to 70% of bones of wild animals but no climatic deterioration connected with wet and cold springs and summers (Fig. 5) . The same phenomenon can also be seen during the 31st century b.c. in the region of the French Jura lakes (Fig. 6) . In the western part of the Swiss Pre-Alps we also find some high percentages of hunted animals during the period 3800-3700 b.c. when no signs of wet summers can be seen (Fig. 5) . If we assume that increased reliance on hunting is not culturally determined but is an economically based reaction (Schibler 2004b , in press), we have to look for other reasons which might have influenced the production of food, especially crop production. Also, long periods of warm and dry conditions can have a negative influence on several aspects of husbandry, as known from historical sources. Therefore, drought periods may be the cause of the importance of hunting during the period 3200-3000 b.c. or during the period 3800-3700 b.c. on the southern slopes of the western Jura mountains. The latter region is climatically favoured and drier than other regions in the Pre-Alps, and today it is a wine growing area.
Damage to cereal growth depends on the period of drought; plants are affected mostly in a younger developmental stage, during the formation of leaves and the differentiation of ears (Kappert and Rudorf 1959) , which takes place during the spring months. However, in the very dry year or dry spring of 1540, winter cereals were not damaged too seriously in Switzerland (C. Pfister, personal communication), but summer crops failed. Therefore, under such circumstances a part of the calories needed for staple food would be lacking.
There are, however, more possible reasons to explain an increase in using wild resources. Perhaps longer periods of intensive land use of a limited area, leading to an overexploitation of the soils, or plant diseases, could also lead to economic crises. Such a scenario can be shown at Chalain and Clairvaux because systematic research excavations were recently done there. Demographic growth is indirectly shown by the rise in the number of villages between 3180 and 2980 b.c. (Fig. 6 ; Pétrequin et al. 2005 ). This growth is marked by an increase in meat consumption which is based more on wild animals, especially red deer, than domesticated ones. It can be concluded that subsistence problems connected to population growth were solved by increasing the hunting (and probably also gathering) strategies rather than animal husbandry (Arbogast et al. 1996; Pétrequin et al. 1998 Pétrequin et al. , 2005 . The mentioned problems possibly finally forced people to displace to the region of Lac de Clairvaux. Unfortunately, such a development cannot be shown in other parts of the lake-dwelling area because to a large extent in most of the regions there has been no systematic archaeological and archaeobiological research: our results are based mostly on materials from rescue excavations which were analysed to a lesser extent. Many more evaluations will have to be performed before we are able to give more precise answers to the observed economic shifts.
If we compare the metrical data on the red deer and the cattle bones according to the LSI values, it can be stated that, only for the red deer bones, some correlation with the importance of hunting and therefore in some areas with climatic deteriorations can be reconstructed. These are not direct correlations but are linked indirectly to the greater importance of hunting. During such phases the main goal was to produce as many calories as possible. Therefore big animals like older males or females were hunted. If the period of need of hunting took a longer time, younger animals were also hunted. This kind of hunting selection and pressure led in the end to a size reduction of red deer because the genetic influence of stronger animals was reduced. This is proven for the period between 3660 to 3600 b.c. at Zürichsee (Schibler et al. 1997a, b) where, during a period of 60 years, the red deer LSI values became smaller from the oldest (Zürich Mozartstrasse, layer 4u) to the youngest (Zürich Mozartstrasse, layer 4o) village (Schibler and Steppan 1999: Fig. 8) . During this period of 60 years around 63 to 67% of the identifiable bones were of red deer. A similar explanation could also be true for the low red deer LSI values around 2800 b.c. (Fig. 7a) .
Following this interpretation, the higher red deer LSI values at 3200-3000 and 2700-2500 b.c. would be the sign of less hunting pressure during a favourable climatic period for farming. But this is not fully true because we see some short periods even between 3200-3000 b.c. which show more hunting (Fig. 5 ). Possibly these periods were too short to have had an influence on animal size. This interpretation is assisted by the fact that the red deer LSI values of Arbon Bleiche 3, a settlement which existed for only 15 years (3384-3370 b.c.) are also not extremely low even if we have an importance of hunted animal bones of about 38% and red deer bones of 25% (Deschler-Erb and Marti-Grädel 2004) .
The increased red deer hunting in the villages of the Lac de Chalain region during the period 3100-3000 b.c. shows that there may have been some economic problems. Also there, hunting selection obviously led to a reduction in the size of red deer (Fig. 7b) . In the somewhat later villages of the Lac de Clairvaux region, where hunting was not so important, the LSI values are clearly higher (Fig. 7b) . Only in the latest phase, around 2550 b.c. during which hunting was concentrated on red deer (Arbogast and Pétrequin 1993, Fig. 3 ) do the LSI values of the red deer bones decrease (Fig. 7b) . For this phenomenon the same reasons (overpopulation and overexploitation) may be responsible, as already stated above.
No climatic influence can be traced from the biometrical data of the cattle bones. According to the LSI values, the smallest cattle bones are found in the Horgen culture villages during the period 3200-3100 b.c. in the region of the eastern Pre-Alps (Fig. 8a) . Similar small LSI values can also be seen at Lac de Chalain around 3000 b.c. (Fig. 8b) . Small cattle bones are also known from several Horgen culture villages around Bielersee (Hüster-Plogmann and Schibler 1997) . These smaller and more robust cattle and the broader biometrical amplitude are possibly due to the use of cattle as draught animals (Hüster-Plogmann and Schibler 1997) . During the Horgen culture there are several lines of evidence for this for the first time (Pétrequin et al. in press) . If the farmers of the Horgen culture began to use at least some male and female cattle at a younger age as draught animals, reduced growth could be a possible reaction. This is perhaps the reason that compared to the older phases, during the Horgen culture in addition to "normal-sized" cattle, more smaller animals were present. Therefore the size variability, especially in the smaller LSI range increases (Fig. 8a) .
Why the LSI values for the cattle bones from the villages of the period 2800-2500 b.c. in the eastern Pre-Alps are clearly higher compared to those from earlier villages or from the villages of the same period in the Lac de Clairvaux region is not yet known (Fig. 8) . Future research must show if this is due to an influence of new cattle breeds which were introduced together with the cultural influence of the Corded Ware culture.
Even when only part of the observed variations in hunting and collecting are due to climatic influence can we conclude that economic shifts during the Neolithic period were primarily caused by food shortages, and were not culturally determined. Climatic fluctuations are obviously important reasons for famines. In many of the observed cases this means colder and wetter conditions during the summer months, although warmer and very dry climatic conditions could also have caused famines. However, the combination of data from several regions shows that other factors must also be envisaged as causes of food shortages. So, for instance, local overexploitation of a settlement area or cereal diseases could be responsible factors. During such periods of scarcity, red deer hunting would have become more important, and mainly stronger red deer were shot. This selection finally -after some decades -led to the situation in which only smaller animals were present in an area.
To recognize the mentioned changes in the economy, including shifts in animal sizes, it is essential to date the investigated material to periods which are at most a few decades long. A lesser precision of dating can lead to a mixture of results coming from favourable and unfavourable periods. This means that the extraordinarily good preservation of the Neolithic lake dwellings, together with the possibility of precise dendrochronological dating is one of the most powerful instruments with which the relationship between climate, economy, environment and human culture can be highlighted. Therefore, we have to continue with archaeobiological and palaeoecological research in this area in order to be able to contribute one day to a more clear-cut interpretation of the existing economic shifts. In addition, the results of off-site pollen data have to be included in our considerations.
